The export signal recognized by the flagellum-specific export machinery is harbored within the highly conserved 26-47 segment of the disordered N-terminal part of Salmonella flagellin. In this work, we aimed to further localize the essential part of the export signal by deletion analysis and investigated how the length of the spacer segment preceding the signal affects export efficiency. Export signal variants were attached to a reporter protein, the CCP2 domain of human C1r protein, and export efficiency of the fusion constructs was studied. Our results suggest that almost any continuous oligopeptide of 8-10 residues within the 26-47 segment can efficiently direct flagellar export if preceded by a spacer segment of at least 15 amino acids without any specific sequential requirement.
The export signal recognized by the flagellum-specific export machinery is harbored within the highly conserved 26-47 segment of the disordered N-terminal part of Salmonella flagellin. In this work, we aimed to further localize the essential part of the export signal by deletion analysis and investigated how the length of the spacer segment preceding the signal affects export efficiency. Export signal variants were attached to a reporter protein, the CCP2 domain of human C1r protein, and export efficiency of the fusion constructs was studied. Our results suggest that almost any continuous oligopeptide of 8-10 residues within the 26-47 segment can efficiently direct flagellar export if preceded by a spacer segment of at least 15 amino acids without any specific sequential requirement.
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The bacterial flagellum contains a membraneembedded nanomotor which rotates a long helical filament working as a propeller [1] . Flagellar axial proteins forming the filament are synthesized in the cytoplasm and exported by the flagellum-specific export machinery via the narrow central channel of the flagellum to the site of assembly at the tip of the growing filament [2] . The helical part of the filament is built from thousands of flagellin subunits. The flagellar export apparatus, which is a specialized type III export system [3, 4] , is located at the cytoplasmic face of the basal part of the flagellum.
The membrane-associated flagellar proteins FlhA, FlhB, FliP, FliQ, and FliR form the transmembrane export gate complex [5] . FlhA was reported to associate into a nonameric ring and presumably energizes export using the transmembrane proton motive force. FlhB plays an active role in mediating export substrate recognition [6, 7] and regulating ordered export during flagellar assembly [8] . Its cytosolic C-terminal domain (FlhB C ) serves as a docking platform. Recent studies have revealed that the secretion pore is formed by the hexameric FliP ring [9, 10] . Imaging the flagellar T3SS by electron cryo-tomography revealed that the FlhB C docking platform is situated 3-4 nm beneath the secretion pore [5, 11, 12] .
Although a great deal of efforts has been done to understand flagellar export, the precise mechanism underlying the secretion and translocation process is far from being understood. Secreted substrates share neither a common sequence motif, nor do they possess a cleavable signal-peptide at the N terminus. A number of evidence indicates that a short segment within the disordered N-terminal region of flagellar axial proteins, typically within the first 50 amino acids, is recognized by the export machinery [13] [14] [15] [16] . Previous studies demonstrated that the highly conserved 26-47 segment of Salmonella flagellin is capable of directing the flagellar export process [14, 17] . When this segment was fused to the small CCP2 domain of the human C1r complement protein, the fusion construct was efficiently secreted into the culture medium.
The objective of this work was to further localize the export signal of Salmonella flagellin within its 26-47 segment and investigate the role of the preceding N-terminal region. The cytoplasmic domain of FlhB, which is supposed to bind and recognize the export signal, protrudes deeply into the cytoplasm. It is reasonable to assume that when the signal is recognized by FlhB C , the N-terminal end of the polypeptide chain is inserted into the FliP-pore of the export gate complex, which is in a distance from the signal recognition site. Therefore, an appropriate spacer segment (SS) is required between the very N terminus and the signal sequence, capable of spanning the distance between the docking platform and the entrance of the export channel. Our results demonstrate that various parts of the 26-47 segment can efficiently direct flagellar export if preceded by a spacer segment of about 15 amino acids without any strict sequential requirement.
Materials and methods

Strains, plasmids, and gene synthesis
The pVJCCPa plasmid [17] with the gene casette containing a polyhistidine tag, the 26-47 serovar Typhimurium flagellin segment (signal region, SR), the enterokinase (EK) site, and the coding sequence of CCP2 protein (domain of human C1r) was used as a starting vector DNA for the construction of the different SR variants. In this work first the KpnI site of pVJCCPa plasmid was knocked out and an XmaI and a new KpnI site to the 5 0 -and 3 0 -end of the coding sequence of the 26-47 flagellin segment were incorporated by site-directed mutagenesis, respectively ( Fig. 1) , resulting the pVJ-SR-CCP2 plasmid. DNA sequences coding different shortened SR variants (Table 1) were amplified by PCR or those shorter than 17 amino acids prepared by oligo annealing technique and incorporated into pVJ-ES-CCP2 using the XmaI and KpnI sites. For oligo annealing, the oligos were resuspended in annealing buffer (10 mM Tris, pH7.5-8.0, 50 mM NaCl, 1 mM EDTA) and mixed in equimolar ratios, heated to 95°C for 5 min and allowed to cool down slowly to room temperature in 45 min. In some cases, certain N-terminal parts of SR were substituted by irrelevant polypeptide sequences, using the strategies mentioned above. In order to investigate the role of N-terminal polypeptide spacer, deletions were performed by the mutations of one extra XmaI site into the pVJCCPa sequence (or its variant) in between the start codon and the already present XmaI site, followed by digestion by the enzyme and religation. E. coli Top10 (Invitrogen, Carlsbad, CA, USA) was used for general cloning and plasmid production. Due to the small size of the inserted DNA sequences, the result of all of the cloning experiments was checked on a 4% agarose gel and the sequence of promising variants was confirmed by DNA sequencing.
Transformation and growing of flagellin-deficient SJW2536 cells
To make electrocompetent Salmonella serovar Typhimurium SJW2536, cells were grown in LB until the optical density at 600 nm (OD 600 ) reached ca. 0.6, and then they were washed twice with ice-cold sterile water containing 10% of glycerol and suspended in the same. For electroporation, 50-200 ng of plasmid DNA and 50 lL electrocompetent cells were used, and a 2.5 kV voltage was applied with a 10 ms time constant. Transformed cells were plated onto LB agar containing ampicillin in a 100 lgÁmL À1 concentration. For protein expression, Salmonella bacteria from an LB plate were inoculated into 5 mL LB medium containing 100 lgÁmL À1 ampicillin, and cells were grown for 15 h and their optical density at 600 nm measured for normalization calculations.
Secreted protein levels and export efficiencies
Secretion ability of the different SR and spacer variants by SJW2536 cells was examined by estimating the concentration of the CCP2 containing fusion proteins in the cell culture supernatant applying densitometric analysis of Coomassie blue-stained SDS-polyacrylamide gels. For export efficiency studies, 1.8 mL of 15-h grown cultures was sedimented by 22 000 r.p.m., 20 min, 10°C and the protein content of the supernatant was precipitated by trichloroacetic acid (TCA). The protein precipitate was washed twice by acetone, dried, and dissolved in 32 lL of SDS sample buffer and 4 lL 1 M TRIS, 0.1 M EDTA, pH 8.0 buffer by boiling. Sample volumes corresponding to a 6 lL SDS sample derived from a 1 mL culture supernatant with OD 600 = 1.5 were loaded onto a 15% polyacrylamide slab gel. Band intensities were compared by a Bio-Rad GelDoc EZ Imager.
Results and Discussion
CCP2-based fusion constructs
The 26-47 segment within the disordered N-terminal region of Salmonella flagellin contains the recognition signal for the flagellar export machinery [14] . It has been demonstrated by Dob o et al. [17] that this short flagellin segment contains all of the necessary information to direct translocation of attached polypeptide chains and can be used for secreted expression of a wide variety of heterologous proteins produced in bacteria. The export efficiency was largely dependent on 
the size and properties of the foreign protein attached, but the fusion construct containing the small CCP2 domain of the human C1r complement protein was secreted into the culture medium with close to 100% efficiency, as revealed by comparing the levels of the fusion protein in the cells and in the culture medium using densitometric analysis of Coomassie-stained gels. For these studies, the pGFP-based pVJCCPa plasmid was developed which contained the lac promoter followed by a gene cassette encoding a construct composed of a hexahistidine tag, the FliC 26-47 signal region (SR), an enterokinase cleavage site (DDDDK), and the CCP2 domain, in this order. Because of its excellent secretion properties, we started with this fusion protein to further investigate the essential characteristics of the flagellar export signal. We aimed at studying the export efficiency of various deletion variants of the 26-47 signal sequence as well as characterizing the role of the N-terminal segment preceding the export signal. In order to be able to substitute SR with its truncated variants, an XmaI and a KpnI site was mutated to the 5 0 -and 3 0 -end of the export signal coding sequence, respectively. Both the second codon of XmaI and the first codon of KpnI determine glycines, the first and last amino acid of the 26-47 segment. This construction (Fig. 1) , called pVJ-SR-CCP2, resulted in the following amino acid sequence before the CCP2 domain: MTMITPSL HHHHHH PGTAI ERLSSGLRINSAKDDAAGT DDDDK AS-CCP2, where the first eight amino acids come from a vector-derived sequence and the SR segment is bolded. This construct shows a close similarity to that used by Dob o et al. [17] . The two extra amino acids (underlined) originate from the introduced XmaI and KpnI cleavage sites. Because of the XmaI and KpnI sites, actually the 27-46 segment (SR*; indicated by italics) of the signal region was varied in this study. It is important to note that the SR* segment is preceded by a 16-amino-acid long spacer segment (SS) in the pVJ-SR-CCP2 fusion construct.
First, we aimed to clarify, which part of the SR* segment plays a dominant role in directing the export process. Various parts of SR* were deleted or replaced by random sequences. Preparing the genes encoding these variants two strategies were used depending on the length of the remaining part of SR*. For the longer signal variants, PCR primers with the XmaI site on the 5 0 -end and KpnI site on the 3 0 -end were used to amplify the gene encoding the truncated/shortened SR* segment. Both the purified PCR product and the pVJ-SR-CCP2 plasmid were digested by XmaI and KpnI, separated and purified from agarose gel, and ligated. Shorter SR* variants seemed to be difficult to isolate by gel electrophoresis after PCR amplification, so in these cases, the oligo annealing technique was used to prepare the XmaI-KpnI insert. In order to reveal the function of the segment before the signal region, the N-terminal part was shortened gradually by incorporating an extra XmaI cleavage site at the desired position(s) using site-directed mutagenesis, followed by XmaI digestion and religation.
The various constructs prepared in this study are summarized in Table 1 . Flagellin deletion mutant SJW2536 Salmonella bacteria were transformed with these plasmids and secretion efficiencies of the various constructs were compared by detecting the secreted products in the cell culture supernatants using gel electrophoresis. Since SJW2536 can assemble only the basal body and the hook part of the flagellum, the expressed fusion proteins do not need to travel through a very long filament, the export channel involves only the rod and hook portion of the flagellum.
Secretion of the pVJ-SR-CCP2 encoded construct
It was demonstrated that the CCP2-based fusion construct encoded by the pVJCCPa plasmid was secreted by the flagellar export system into the culture medium with nearly 100% efficiency when was expressed in SJW2536 host cells [17] . As described above, our pVJ-SR-CCP2 plasmid contained tiny modifications compared to pVJCCPa. Accordingly, the export levels of the products expressed by pVJCCPa or pVJ-SR-CCP2 were very similar from SJW2536 cells, as shown in Fig. 2A , suggesting that our new fusion construct also has a close to 100% export efficiency. As a negative control, the cell culture supernatant of the flagellin-deficient SJW2536 host cells was also run on the same gel (lane 2) displaying a characteristic band pattern. As reported by Komoriya et al. [18] , flagellar proteins and virulence factors are the predominant proteins secreted into the cell culture media from Salmonella typhimurium cells. It was shown in our previous study that this background pattern was not significantly affected by nonspecific leakage from spontaneously lysed cells [17] . Basal lysis of SJW2536 cells had been determined by comparing the relative levels of the endogenous maltose binding protein from the cells and the medium, and the spontaneous cell lysis was estimated to be ca. 0.4%. Therefore, this background pattern of SJW2536 can be considered as an internal reference to monitor the level of nonspecific leakage caused by accidental cell disruption. Samples with a significantly altered pattern were excluded from further analysis.
Export efficiency of truncated SR* variants
In this set of experiments, the 16-amino-acid spacer segment was left untouched but the SR* region was truncated from its N or C terminus, or both. Export efficiency conferred by the remaining part of SR* was followed by analyzing the cell culture supernatants on a 15% acrylamide gel (Fig. 2B) . When SR* was shortened gradually from its N-terminal end by 5, 7, 9, 11, and 13 amino acids, the export efficiency gradually decreased. Removal of 13 amino acids made the export almost completely blocked. Although the carboxy-terminal half of the signal region is much more conserved than the amino-terminal one, C-terminal deletions only slightly affected the export of the fusion construct. Deletion of the last four amino acids from SR* had virtually no influence (marginal effect) on export efficiency (Fig. 2B, lane 7) . Even after deletion of 12 C-terminal residues, the remaining part of SR* directed export with a remarkable (> 30%) efficiency (Fig. 2B, lane 9) . These results suggest that the Cterminal portion of SR* is highly conserved because of some structural reasons rather than for proper functioning of the export signal. For example, residues 33-45 of Salmonella flagellin form the spoke region in the filament core, connecting the inner and outer ring structures and controlling the structural integrity of the core part of the filament [19] . After truncation of both ends of the SR* region, the remaining middle portion was quite effective in facilitating translocation of the fused CCP2 domain. Even the six-residue-long FliC (33-38) segment maintained export at a quite substantial level (Fig. 2B, lane 11) .
In conclusion, the N-terminal and the middle portion of SR* seem to have a more dominant role in directing flagellar export than its C-terminal segment. While the last eight amino acids could not properly function as an export signal with the 16-residue-long spacer segment, the first eight or the middle six-residue-long segments exhibited a remarkable ability to initiate flagellar secretion.
Changing the length of the spacer segment
In the previous experiments, the signal region and its truncated variants were attached to a 16-residue-long spacer segment (SS16) which originated from the plasmid, the His 6 -tag, and translation of the restriction sites. This segment contained an artificial amino acid sequence unrelated to the original N-terminal FliC segment preceding the SR* region. Our results indicate Fig. 2 . SDS/PAGE analysis of cell culture supernatants of (A) serovar Typhimurium SJW2536 (Lane 2), its transformed variant by pVJCCPa [17] (Lane 3), and the initial construct of this work, pVJ-SR-CCP2 (Lane 4), and (B) SJW2536 transformed by plasmids expressing fusion proteins with different truncated variants of the SR* signal region. In this set of experiments, the N-terminal 16-amino-acid spacer segment (SS16) was left untouched but the SR* region was truncated from its N or C terminus, or both. Export efficiency conferred by the remaining part of SR* was followed by analyzing the cell culture supernatants on a 15% acrylamide gel. F(xx-xx) denotes the polypeptide sequence kept intact from Salmonella flagellin (e.g., SR* = F(27-46). Lane 3-6: SR* shortened gradually from its N-terminal end by 5, 9, 11, and 13 amino acids. Lane 7-9: SR* shortened gradually from its C-terminal end by 4, 8, and 12 amino acids. Lane 10-11: SR* shortened gradually from both ends by (5;4) and (7;8) amino acids, respectively.
that there are no strict requirements for the N-terminal amino acid sequence to properly function as a spacer segment, and even a fully artificial sequence can support a highly efficient export process. In a completely extended conformation, the length of the SS16 segment is estimated to be about 5 nm which seems to be long enough to bridge the distance between the FlhB platform and the oligomeric FliP export gate, as visualized by cryo-EM tomographic image reconstructions of the basal part of flagellar filaments [3] .
We investigated how export efficiency is affected by the length of the spacer segment. Increasing the length of the SS by inserting a 10-residue-long randomly chosen segment before the signal region improved secretion ability to a slight extent (Fig. 3B, lane2 ). This observation correlates well with earlier findings that an additional (14-residue-long) sequence element before the natural N-terminal FliC spacer region was well tolerated and had no significant effect on the export yield [17] .
However, when foreign segments were attached to N-terminally truncated SR* variants, export efficiencies improved substantially (Fig. 3A) . For example, while truncation of the first 4 residues of SR* resulted in a significant decrease of export efficiency, the same segment was able to direct flagellar export at a much higher level when the SS16 segment was C-terminally extended by five randomly chosen residues (SR16-KVNEY). Although the last eight residues of the SR* segment combined with SS16 failed to direct secretion of the attached CCP2 domain (Fig. 2B, lane 6) , export ability was highly recovered when the SS16 spacer segment was extended by the KVNEYS random sequence (Fig. 3A, lane 8) . Thus, it seems that even the very Cterminal part of SR* can facilitate the attached CCP2 domain if the spacer segment is long enough. These observations suggest that the first eight, middle six or last eight amino acid portions of SR* contain enough information for successful translocation if the N-terminally attached spacer region has a proper length. Nevertheless, the C-terminal part requires a longer spacer for efficient functioning which reflects that the corresponding recognition site on the FlhB C docking platform is situated at a larger distance from the export gate.
It is interesting to compare the export ability of the SS16-F(31-46)-CCP2 and SS16-KVNEYS-F(37-46)-CCP2 fusion constructs. In the latter variant, replacement of the F(31-36) segment by an artificial oligopeptide (KVNEYS) of the same length resulted in a clearly improved export yield (Fig. 3A, lanes 3, 6) . (This was observed with a high level of reproducibility, repeated at least five times.) As was shown above, the C-terminal F(37-46) SR* segment needs a spacer segment longer than SS16 for proper functioning. In this case an artificial extension worked better than the natural one. We think that the ability of the F(31-36) to interact with the recognition site of the FlhB C platform interferes with its role as a spacer segment. All of the above described protein constructions prior to the export signal or its variants contained the 16-amino-acid long MTMITPSLHHHHHHPG oligopeptide. This foreign sequence is not expected to interact with the export apparatus but suggested to play a role as a spacer, spanning the distance between the export signal recognition site on the FlhB C platform and the gate of the export channel. To clarify its necessity for effective export, CCP2-based fusions with shortened spacers were also constructed and their export efficiency was studied. After deletion of eight residues, the remaining eight amino acids (MTMITPPG) were connected to the full SR* region, which resulted in a dramatic fall-off in export efficiency (Fig. 3B, lane 4) . In this case that N-terminal part of SR* is supposed to function as a spacer. Deletion of further four residues resulted in a complete abolishment of the export process (Fig. 3B, lane 5) .
Conclusion
Our results show that various portions of the signal region can be removed without drastically decreasing export efficiency if at least a segment of 8-10 amino acids remains intact. Although the C-terminal part of SR is very highly conserved, it does not play a dominant role in directing the export process. Our observations suggest that a spacer segment of at least 15 amino acids with a nearly arbitrary sequence is required for efficient export. A spacer segment of this length is capable to span a distance of about 5 nm which fits well to the estimated separation of the FlhB C docking platform and the FliP-pore of the export gate based on cryo-EM tomographic image reconstructions. While the N-terminal or middle part of SR functions quite well with such a relatively short spacer, its C-terminal part requires a longer spacer of about 20 residues, indicating that the recognition subsite for this segment is situated at a larger distance from the entrance of the export channel than those of the N-terminal or middle SR portions.
Evans et al. [20] suggested that for the early substrates the flagellar export signal comprises a short, conserved recognition motif of 5 amino acids (FxxxΦ) near the N terminus. After completing the hook part of the filament, export of the FliK hook-length-control protein switches the FlhB C component into a late-substrate-recognition state [2] . Our results show that in the case of the most abundant late substrate, flagellin, a quite long segment is recognized by the export gate complex.
It is not clear yet what are the essential conformational properties of export signal for recognition by the type III flagellar export machinery. The N-terminal half of the SR region or a short segment close to its C-terminal end can readily form helical structure in solvents mimicking amphipathic environments as revealed by NMR investigations [21] . Nevertheless, its middle portion is stabilized upon polymerization into an extended irregular conformation (spoke region) within the core part of the filament [19] . The SR region is largely disordered in monomeric flagellin, and a key step of recognition by the export machinery seems to be the ordering of this segment upon interaction with the FlhB C recognition template into a specific, presumably largely a-helical structure.
